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ttp://dx.doi.org/10.1016/j.ajpath.2015.01.030Ethanol-mediated injury, combined with gut-derived lipopolysaccharide (LPS), provokes generation of
proinﬂammatory cytokines in Kupffer cells, causing hepatic inﬂammation. Among the mediators of these
effects, miR-217 aggravates ethanol-induced steatosis in hepatocytes. However, the role of miR-217 in
ethanol-induced liver inﬂammation process is unknown. Here, we examined the role of miR-217 in the
responses to ethanol, LPS, or a combination of ethanol and LPS in RAW 264.7 macrophages and in primary
Kupffer cells. In macrophages, ethanol substantially exacerbated LPS-mediated induction of miR-217 and
production of proinﬂammatory cytokines compared with LPS or ethanol alone. Consistently, ethanol
administration to mice led to increases in miR-217 abundance and increased production of inﬂammatory
cytokines in isolated primary Kupffer cells exposed to the combination of ethanol and LPS. miR-217 pro-
moted combined ethanol and LPS-mediated inhibition of sirtuin 1 expression and activity in macrophages.
Moreover, miR-217emediated sirtuin 1 inhibition was accompanied by increased activities of two vital
inﬂammatory regulators, NF-kB and the nuclear factor of activated T cells c4. Finally, adenovirus-mediated
overexpression of miR-217 led to steatosis and inﬂammation in mice. These ﬁndings suggest that miR-217
is a pivotal regulator involved in ethanol-induced hepatic inﬂammation. Strategies to inhibit hepatic miR-
217 could be a viable approach in attenuating alcoholic hepatitis. (Am J Pathol 2015, 185: 1286e1296;
http://dx.doi.org/10.1016/j.ajpath.2015.01.030)Supported by the NIH National Institute on Alcoholism and Alcohol
Abuse grants AA015951 and AA013623 (M.Y.) and NIH National Institute
of Diabetes and Digestive and Kidney Diseases grants DK06260 and
DK052574 (N.O.D).
Disclosures: None declared.Alcoholic liver disease (ALD) is associated with the spec-
trum of pathology that ranges from excess accumulation of
fat within the liver (steatosis), inﬂammation (hepatitis),
ﬁbrosis/cirrhosis, liver failure, and hepatocellular cancer.1
Activation of Kupffer cells (KCs), the resident macro-
phages, by elevated gut-derived lipopolysaccharide (LPS)
plays a central role in the development of alcoholic hep-
atitis.1e3 LPS is a known potent inﬂammatory inducer in
both rodent models of ALD and human alcoholics.2,3 LPS
enters the liver via the portal vein and activates KCs, which
stimulates generation of proinﬂammatory cytokines.
Ethanol also sensitizes KCs in response to LPS, enhancing
LPS-stimulated production of inﬂammatory cytokines,
which exacerbates liver injury. Therefore, ethanol and LPS
co-exist and contribute, additively or synergistically, to the
pathogenesis of alcoholic hepatitis.stigative Pathology.
.Sirtuin 1 (SIRT1) is an NADþ-dependent class III protein
deacetylase that exerts anti-inﬂammatory effects via coordi-
nated regulation of several signalingmolecules such asNF-kB
and the nuclear factor of activated T cells c4 (NFATc4), two
pivotal transcription factors involved in regulation of proin-
ﬂammatory cytokines.4e6 In recent years, SIRT1 has emerged
as an important player in alcohol-induced development of
steatohepatitis in the liver.6e9 The inhibition of SIRT1by three
major putative inducers of ALD, namely LPS, acetaldehyde,
and acetate, results in a substantial increase in the generation
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Figure 1 Up-regulation of miR-217 by ethanol or LPS in RAW 264.7 macrophages and mouse primary KCs. A: RAW264.1 cells were treated with 50 mmol/L
ethanol, 100 ng/mL LPS, or EþL for 18 hours, and miRNA-217 levels were measured with RT-qPCR. B: Primary KCs isolated from pair-fed or ethanol-fed mice were
stimulated with ethanol, LPS, or EþL for 6 hours, and miR-217 levels were measured. C: Relative mRNA levels of IL-6 in KCs isolated from livers of mice fed with or
without ethanol and stimulated with ethanol, LPS, or EþL. D: Relative mRNA levels of TNF-a in KCs isolated from livers of mice fed with or without ethanol
stimulated with ethanol, LPS, or EþL. Data are expressed as means SEM. nZ 3 to 5experiments. Means without a common letter differ, P< 0.05. EtOH, ethanol;
EþL, 50 mmol/L ethanol plus 100 ng/mL LPS; KC, Kupffer cell; LPS, lipopolysaccharide; RT-qPCR, quantitative real-time RT-PCR; TNF, tumor necrosis factor.
miR-217 and Ethanolof proinﬂammatory cytokines via disruption of SIRT1-
mediated deacetylation of NF-kB in macrophages.9 Never-
theless, themechanisms underlying the interactions between
ethanol and LPS leading to aberrant SIRT1 signaling and
subsequent hepatic inﬂammation remain incompletely
understood.
miRNAs are a class of small noncoding RNAs that
induce gene silencing by either inhibiting the expression of
target mRNAs or by causing mRNA degradation.10,11 A
broad array of aberrant hepatic miRNAs such as miR-34a,
miR-214, miR-155, miR-212, and miR-199 are associated
with the pathogenesis of ALD in rodent and human
studies.11 We identiﬁed miR-217, a known endogenous
inhibitor of SIRT1, as a speciﬁc target of ethanol action in
the liver.12,13 We demonstrated that miR-217 abundance
was drastically and speciﬁcally increased in both hepato-
cytes exposed to ethanol and chronically ethanol-fed mice.12
More importantly, we discovered that ethanol-mediated in-
duction of miR-217 results in SIRT1 suppression and sub-
sequently promotes development of steatosis in hepatocytes
and in mice.12 However, the role of aberrant miR-217 in
macrophages or KCs and its possible regulation by alcohol
is unknown. The possibility that ethanol mediates pleio-
tropic effects through a range of cell types is important in
view of the evidence demonstrating that miR-217 deregu-
lation is associated with a range of conditions, includingThe American Journal of Pathology - ajp.amjpathol.orgaging, diabetes, Tat-induced HIV-1 transactivation, and
recurrence of liver cancer.13e17
Here,we investigated cell-speciﬁcmechanisms and pathways
that accompany altered expression of miR-217 in response to
ethanol and LPS in cultured macrophages and primary KCs.
Materials and Methods
Reagents, Antibodies, and Plasmids
LPS (tissue culture-tested, L-2654) and ethanol were purchased
from Sigma Chemical (St. Louis, MO). SIRT1, phosphorylated
AMP-activated kinase a (AMPKa), AMPKa, NF-kBp65,
acetylated histone H3-Lys 9 (Ac-histone H3-Lys9), and histone
H3, Ac-histone H4-Lys5, and Ac-histone H4-Lys8 antibodies
were purchased from Cell Signaling Technology (Danvers,
MA). Acetyl-NF-kBp65 antibody was from Abcam (Cam-
bridge, UK). NFATc4 and b-actin antibodies were obtained
fromSanta CruzBiotechnology, Inc. (Santa Cruz, CA). NF-kB-
responsive reporter-3xkB luciferase plasmid and wild-type
SIRT1 (SIRT1wt) expression plasmids were kind gifts from
Dr. Marty W. Mayo (University of Virginia, Charlottesville,
VA). The small silencing SIRT1 plasmid (SIRT1shRNA) was
purchased from Santa Cruz Biotechnology, Inc. The luciferase
vector, including 30 untranslated region (UTR) of human SIRT1
containing the SIRT1emiR-217 response elements (SIRT1-301287
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Figure 2 miR-217 exacerbates impairment of
SIRT1 inducedby a combinationof EþL in RAW264.7
macrophages. A: RAW 264.7 macrophages were
transfected with a SIRT1-30 UTR reporter and
expression plasmids of control vector, miR-217, Sc-
miR-217, and b-galactosidase (internal control).
EþL was added for 18 hours. Forty-eight hours after
transfection, cells were harvested, and luciferase and
b-galactosidase activities were determined. B: RAW
264.7 cells were transfected with plasmids of control
vector,miR-217, or Sc-miR-217. EþLwas then added
for 18 hours. RT-qPCR was used to estimate relative
mRNA levels of SIRT1. C: Cell extracts of RAW 264.7
cells transfected with plasmids of control vector,
miR-217, or Sc-miR-217 with or without EþL were
immunoblotted with a SIRT1, p-AMPKa, AMPKa, or
b-actin antibody. D: SIRT1 deacetylase activity was
measured in RAW 264.7 cells transfected with plas-
mids of control vector, miR-217, or Sc-miR-217 with
or without EþL. SIRT1 deacetylase activity is repre-
sented as AFUs. Data are expressed as means SEM.
nZ 3 to 5 experiments. Means without a common
letter differ, P < 0.05. AFU, arbitrary ﬂuorescence
unit; AMPKa, AMP-activated kinase a; EþL, ethanol
and lipopolysaccharide; p-AMPKa, phosphorylated-
AMPKa; RT-qPCR, quantitative real-time RT-PCR;
SIRT1, sirtuin 1; UTR, untranslated region.
Yin et alUTR) was purchased from Addgene Inc. (Cambridge, MA).
pcDNA 6.2-GW/miR-217 and pcDNA 6.2-GW/scmiR-217
expression plasmids were kind gifts from Dr. Gregory M.
Vercellotti (University of Minnesota, Minneapolis, MN).
miRIDIAN miR-217 mimic (miR-217) and miRIDIAN
hairpin inhibitor miR-217 (anti-miR-217) were purchased from
Thermo Scientiﬁc (Marietta, OH). Vectors expressing adeno-
virus (Ad)-green ﬂuorescent protein (GFP), Ad-miR-217,
Adeanti-miR-217, and Ad-SIRT1wt were obtained from
Vector BioLabs, Inc. (Malvern, PA). Adelipin-1a was a kind
gift from Dr. Brian Finck (Washington University School of
Medicine, St. Louis, MO).
Cell Culture
The murine RAW264.7 macrophages were obtained from
ATCC (Manassas, VA). Cells were maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum,
100 mg/mL streptomycin, and 63 mg/mL penicillin G. For
treatments, cells were plated onto six-well plates. At 80% to
90% conﬂuence, the cells were incubated for 16 hours in
serum-free RPMI 1640 medium.9
ELISA Analysis
Tumor necrosis factor (TNF)-a or IL-6 concentration in
culture media of RAW 264.7 macrophages or primary KCs
was measured with a mouse ELISA kit (eBioscience, San
Diego, CA) according to the manufacturer’s protocol.
Analysis was performed with a Synergy HT microplate
reader (BioTek, Winooski, VT).1288Quantitative Real-Time RT-PCR Analysis
Total RNA isolation was from cells or liver samples. Quan-
titative real-time RT-PCR ampliﬁcation or miRNA analysis
was performed as described previously.6e9 The primer sets
were either purchased from SuperArray Bioscience (Freder-
ick, MD) or synthesized as previously described.9,12 The
relative amount of target mRNA was calculated by the
comparative threshold cycle method by normalizing target
mRNA threshold cycle to those for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). U6 small nuclear
RNA was used as an internal control for miRNA analysis.
SIRT1 Deacetylase Activity
SIRT1 activity was measured by a SIRT1 ﬂuorometric kit
(AK-555; Biomol, Plymouth Meeting, PA) as described
previously.9,12
Immunoblot Analysis
Western blot analyses were performed with cell extract
separated by electrophoresis in a 10% SDS-polyacrylamide
gel and transferred to nitrocellulose ﬁlters. The protein bands
were quantiﬁed on a PhosphorImager and ImageQuant
(Amersham Biosciences, Piscataway, NJ) software analysis.
Luciferase Assays, Transfections, and Ad Infection
Cell transfection assayswere performed as described.9Brieﬂy,
plasmids were transiently transfected into cells by Lipofect-
amine reagent (Invitrogen, Carlsbad, CA). Luciferase assaysajp.amjpathol.org - The American Journal of Pathology
AB
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Figure 3 Inhibition of miR-217 by anti-miR-217 alleviates impairment of
SIRT1 signaling induced by EþL in RAW 264.7 cells.A: RAW 264.7 macrophages
were transfected with control vector or anti-miR-217. Forty-eight hours after
transfection, EþL was added. After incubation for 24 hours, cell extracts were
immunoblotted with a SIRT1, p-AMPKa, AMPKa, or b-actin antibody. B:
Relative mRNA levels of inﬂammatory cytokines, including IL-1b, MCP-1, and
IFN-g, in RAW 264.7 cells transfected with plasmids of control or anti-miR-217
treated with or without EþL. C: Medium levels of TNF-a in RAW 264.7 cells
transfected with plasmids of control or anti-miR-217 treated with or without
EþL. Data are expressed as means  SEM. n Z 3 to 5 experiments. Means
without a common letter differ, P < 0.05. AMPKa, AMP-activated kinase a;
EþL, ethanol plus lipopolysaccharide; IFN, interferon; iNOS, inducible nitric
oxide synthase; MCP-1, monocyte chemotactic protein 1; p-AMPKa, phos-
phorylated-AMPKa; SIRT1, sirtuin 1; TNF, tumor necrosis factor.
miR-217 and Ethanolwere performed with cell extracts, and the results were aver-
aged to represent a single data point for each transfection. b-
Galactosidase was used as an internal control to correct for
transfection efﬁciency. The replication-deﬁcient Ads were
ampliﬁed in human embryonic kidney 293 cells and puriﬁed
by Adenopure kits. Cells were infected with Ads for 36 to 48
hours before the experiments.18,19
ChIP Assay
The chromatin immunoprecipitation (ChIP) assay was
performed with the ChIP assay kit from Upstate Biotech-
nology (Lake Placid, NY) as described.20 Brieﬂy, RAW
264.7 macrophages were cross-linked, and anti-NFATc4 or
antieAc-histone H3-Lys9 antibody was added to the soni-
cated chromatin solution and incubated. After reversal of
the cross-linking, the DNA was puriﬁed. The samples were
subjected to quantitative real-time RT-PCR by using the
following primers that amplify a region that contained
NFATc4 binding sites of TNF-a (forward, 50-CGATG-
GAGAAGAAACCGAGACAGA-30; reverse, 50-AGGGA-
GCTTCTGCTGGCTGGCTGT-30).21 The primer set (forward,
50-GGCTCACAACCATCTATAATCAGGT-30; reverse:
50-ACAGCTTTCTGCTTGCATGTATG-30) for the GAPDH
was used as a control. The results were normalized to control
IgG, GAPDH, and input DNA.
Quantiﬁcation of Cellular ROS
Levels of intracellular reactive oxygen species (ROS) were
measured with 5-(and 6)-chloromethyl-20,70-dichlorodihy-
droﬂuorescein diacetate by using ROS detection reagents
(Invitrogen). Brieﬂy, cells were incubated with 10 mmol/L
5-(and 6)-chloromethyl-20,70-dichlorodihydroﬂuorescein
diacetate in phosphate-buffered saline at 37C for 30 mi-
nutes. Cells were then placed in fresh Phenol Red-free
culture medium. The cells’ ﬂuorescence was measured with
a Synergy HT microplate reader (BioTek).
Animal Studies and Isolation of Primary KCs
The detailed Gao-binge (Chronicþbinge) ethanol feeding
protocol has been described.22 Ten- to 12-week-old male
C57BL/6J mice were divided into two dietary groups: pair-fed
control diet and ethanol-containing diet. Ethanol groups were
fed a liquid diet that contained 5%ethanol for 10 days, whereas
the control mice were pair-fed to their ethanol-fed counterparts
for 10 days. At day 11, mice in the ethanol groups were gav-
aged a single dose of ethanol (5 g/kg body weight, 20%
ethanol), whereas mice in the control groups were gavaged an
isocaloric dose of dextrin maltose. The mice received anes-
thesia with 100 mg/kg ketamine, and KCs were isolated as
described.23 Livers were perfused with saline solution for 10
minutes, followed by in vivo digestion with liberase enzyme
for 5 minutes and in vitro digestion for 30 minutes. The
non-hepatocyte content was separated by Percoll gradient andThe American Journal of Pathology - ajp.amjpathol.orgcentrifuged. The intercushion fraction was adhered to plastic
in Dulbecco’s modiﬁed Eagle’s medium supplemented with
5% fetal bovine serum. The nonadherent fraction was
washed, and the adherent KC population was adjusted to
2  106/mL in Dulbecco’s modiﬁed Eagle’s medium sup-
plemented with 10% fetal bovine serum. Depending on
experimental conditions, KCs from three to six mice were1289
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Figure 4 miR-217 promotes activation of both nuclear NF-kB and NFATc4 in macrophages exposed to EþL. A: Representative Western blot analyses of
Ac-NFkB in RAW 264.7 cells transfected with plasmids of control vector, miR-217 treated with or without EþL. B: Representative Western blot analyses of cytosol
or nuclear NFATc4 protein levels in RAW 264.7 cells transfected with plasmids of control vector, miR-217 treated with or without EþL. C: ChIP assays were
performed in RAW 264.7 cells infected with Ad-GFP, Ad-SIRT1wt, Ad-lipin 1a, or treated with 5 mg/mL CsA in the presence or absence of EþL for 18 hours.
Chromatin was immunoprecipitated with preimmune rabbit IgG, antieacetyl-histone H3-Lys9, anti-NFATc4 antibody. Immunoprecipitates were subjected to PCR
with a primer pair speciﬁc to the TNF-a promoter containing NFATc4 binding site. D: ChIP assays were performed in RAW 264.7 cells infected with Ad-GFP, Ad-miR-
217 along with Ad-SIRT1wt, Ad-lipin-1a, or treated with 5 mg/mL CsA. Chromatin was immunoprecipitated with preimmune rabbit IgG, antieacetyl-histone H3-
Lys9, anti-NFATc4 antibody. Immunoprecipitates were subjected to PCR with a primer pair speciﬁc to the TNF-a promoter containing NFATc4 binding site. Data are
expressed as means  SEM. n Z 3 to 5 experiments. Means without a common letter differ, P < 0.05. Ac, acetylated; Ad, adenovirus; ChIP, chromatin
immunoprecipitation; CsA, cyclosporine; EþL, ethanol plus lipopolysaccharide; GFP, green ﬂuorescent protein; NFATc4, nuclear factor of activated T cells c4;
SIRT1wt, sirtuin 1 wild-type; TNF, tumor necrosis factor.
Yin et alpooled for each experiment. For in vitro stimulation, KCs
were stimulated with 50 mmol/L ethanol or 100 ng/mL LPS or
both for 6 hours.
In Vivo Ad-Mediated Gene Transfer
During the 10 days Gao-binge (Chronicþbinge) ethanol
treatment period, overexpression of miR-217 or anti-miR-217
in the mouse livers was accomplished via tail vein injection of
Ad-GFP (control), AdemiR-217, or Adeanti-miR-217 (0.5 to
1.0 109 active viral particle in 200 mL of phosphate-buffered
saline) to male C57BL/6J mice (10- to 12-week-old) twice on
day 1 and day 5.24 On the ﬁnal day mice were sacriﬁced, and
tissues were rapidly taken and freshly frozen in liquid nitrogen
and stored at 80C. Parts of tissues were ﬁxed for histology
and immunohistochemistry. The local institutional animal care
and use committee approved all in vivo animal protocols.
Statistical Analysis
Data are expressed as means  SEM. Multiple comparisons
were evaluated by analysis of variance followed by Tukey’s1290multiple-comparison procedure with P < 0.05 being
signiﬁcant.
Results
Ethanol Exacerbates LPS-Mediated Up-Regulation of
miR-217 in RAW 264.7 Macrophages and Primary KCs
We found that ethanol at 50 mmol/L and LPS at 100 ng/mL
generated optimal and reproducible effects in both murine
RAW 264.7 macrophages and primary KCs, and these con-
centrations were used in subsequent experiments.9,12We then
investigated miR-217 expression in RAW 264.7 macro-
phages in response to ethanol, LPS, or a combination of
ethanol and LPS (EþL) exposure. Treatment with ethanol or
LPS alone resulted in a signiﬁcant increase in miR-217
abundance compared with controls in macrophages. More-
over, ethanol exacerbated LPS-mediated induction of miR-
217 (approximately 80-fold) compared with controls
(Figure 1A). The abundance of bothmiR-33 andmiR-34awas
also increased, albeit to a lesser degree than miR-217, in
response to ethanol, LPS, or EþL (Figure 1A).ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 miR-217 promotes TGF-b or ROS
production in macrophages exposed to EþL. A:
Relative miR-217 levels in RAW 264.7 macro-
phages treated with indicated concentrations of
TGF-b for 18 hours. B: Relative miR-217 levels in
RAW 264.7 macrophages treated with indicated
concentrations of hydrogen peroxide for 18 hours.
C: Relative TGF-b mRNA levels in RAW 264.7
macrophages transfected with control vector, miR-
217, or Sc-miR-217 in the presence or absence of
EþL. D: ROS levels in RAW 264.7 macrophages
transfected with control vector, miR-217, or Sc-
miR-217 in the presence or absence of EþL.
Data are expressed as means  SD. n Z 3 to 5
experiments. Means without a common letter
differ, P < 0.05. DCF, dichlorodihydroﬂuorescein;
EþL, ethanol plus lipopolysaccharide; ROS, reac-
tive oxygen species; TGF, transforming growth
factor.
miR-217 and EthanolWe next assessed whether the effects of ethanol observed
in macrophages also occurred in primary KCs from livers of
mice after a chronic-binge ethanol feeding protocol.22 Pri-
mary KCs isolated from livers of pair-fed control mice
showed signiﬁcantly increased miR-217 levels in response
to ethanol or LPS compared with controls without in vitro
stimulation (Figure 1B). As expected, ethanol exposure
signiﬁcantly exacerbated LPS-mediated induction of miR-
217 compared with controls (Figure 1B).
Although miR-217 levels were signiﬁcantly higher in
KCs of mice fed with ethanol compared with mice fed with
the control diet, ethanol, LPS, or EþL stimulation signiﬁ-
cantly ampliﬁed miR-217 expression in KCs isolated from
ethanol-fed mice compared with pair-fed control mice
(Figure 1B). Taken together, these data demonstrate that
ethanol exacerbates LPS-mediated up-regulation of miR-
217 in both RAW 264.7 and primary KCs.
Ethanol Promotes Production of a Panel of
Proinﬂammatory Cytokines in RAW 264.7 Macrophages
or Primary KCs Exposed to LPS
Consistent with the changes noted in miR-217 abundance,
the mRNA abundance of target genes, TNF-a and IL-6,
were in turn signiﬁcantly increased in primary KCs stimu-
lated with ethanol, LPS, or EþL compared with controls
(Figure 1, C and D). Although the primary KCs isolated
from ethanol-fed mice displayed signiﬁcantly increased
mRNA levels of TNF-a or IL-6 compared with pair-fed
controls, LPS, ethanol, or EþL stimulation in KCs iso-
lated from ethanol-fed mice resulted in signiﬁcantly higher
TNF-a or IL-6 at mRNA levels than in KCs from LPS-,
ethanol-, or EþL-stimulated pair-fed control mice (Figure 1,
C and D). In vitro ethanol stimulation in KCs isolated fromThe American Journal of Pathology - ajp.amjpathol.orgethanol-fed mice further augmented LPS-stimulated IL-6
(Figure 1C). There were also trended increases in LPS-
stimulated TNF-a by in vitro ethanol stimulation in KCs;
however, the changes did not reach statistical signiﬁcance
(Figure 1D).
In RAW 264.7 macrophages, miR-217 overexpression or
EþL treatment signiﬁcantly increased mRNA expression of
several inﬂammatory cytokines [IL-1b, interferon-g, mono-
cyte chemoattractant protein 1 (MCP-1), inducible nitric oxide
synthase] compared with controls (Supplemental Figure S1).
Moreover, forced overexpression of miR-217 augmented the
EþL-mediated increases in mRNA expression of IL-1b,
MCP-1, and inducible nitric oxide synthase but interferon-g
(Supplemental Figure S1). Further, overexpression of
ScemiR-217 did not alter mRNA expression of these cyto-
kines (Supplemental Figure S1).
Collectively, these results suggest that miR-217 modu-
lates expression of a panel of inﬂammatory cytokines in
macrophages exposed to ethanol, LPS, or EþL.
miR-217 Exacerbates Impairment of SIRT1 Induced by
EþL in RAW 264.7 Macrophages
Overexpression of miR-217 or EþL treatment in RAW
264.7 cells signiﬁcantly inhibited SIRT1-30 UTR reporter
activity, SIRT1 expression (mRNA and protein) levels, and
deacetylase activities of SIRT1 compared with ScemiR-217
transfected controls (Figure 2 and Supplemental Figure S2A).
Again, miR-217 exacerbated the EþL-mediated impairment of
SIRT1 (Figure 2 and Supplemental Figure S2A).
SIRT1 regulates AMPK, another important anti-
inﬂammatory regulator.5 miR-217 or EþL inhibited AMPK
activity as demonstrated by a reduced phosphorylated AMPKa/
AMPKa ratio, and EþL-mediated AMPK inhibition was1291
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Figure 6 Ad-mediated elevation of miR-217 in the liver causes steatosis and provokes inﬂammation in mice. A: Ad-miR-217 or Adeanti-miR-217 (0.5 to
1.0  109 active viral particle in 200 mL of phosphate-buffered saline) was administered to 10- to 12-week-old male C57BL/6J mice twice on day 1 and day 5.
After a 10-day period, mice were sacriﬁced. Immunohistochemical staining of the liver sections for H&E or F4/80þ was used. B: Hepatic TG levels. C: Hepatic
cholesterol levels. D: Relative hepatic mRNA levels of TNF-a, Mip-1a, MCP-1, COX-2, and IFN-g. E: Relative hepatic mRNA levels of TGF-b. Data are expressed as
means  SEM. nZ 4 to 6 mice. Means without a common letter differ, P < 0.05. Ad, adenovirus; COX, cyclooxygenase; GFP, green ﬂuorescent protein; H&E,
hematoxylin and eosin; IFN, interferon; IHC, immunohistochemistry; MCP, monocyte chemotactic protein; Mip, macrophage inﬂammatory protein; TG,
triglyceride; TGF, transforming growth factor; TNF, tumor necrosis factor.
Yin et alexacerbated by miR-217 overexpression compared with Sce
miR-217 controls (Figure 2C and Supplemental Figure S2B).
By contrast, SIRT1 and AMPK expression were at least
partially restored by miR-217 antisense-mediated oligonucle-
otide inhibition (anti-miR-217) in RAW264.7 cells exposed to
EþL (Figure 3A and Supplemental Figure S2, C and D). In-
hibition of miR-217 expression in turn reduced generation of
inﬂammatory cytokines, including TNF-a, IL-1b, MCP-1, and
interferon-g (Figure 3, B and C). Note that EþL-mediated
inducible nitric oxide synthase induction was not affected by
antiemiR-217, implying that miR-217eindependent mecha-
nisms may be involved (Figure 3B). Note that the efﬁcacy of
AdemiR-217 or Adeanti-miR-217 in macrophages was
excellent (Supplemental Figure S2E).
Taken together, these results again support a role for miR-
217 in EþL-mediated production of inﬂammatory cytokines
via SIRT1 inhibition in macrophages.miR-217 Promotes Activation of NF-kB and NFATc4 in
Macrophages Stimulated by EþL
Previous work demonstrated that SIRT1 regulates the
expression of both NF-kB and NFATc4 in the induction of1292inﬂammatory cytokine expression.5,6,25 Consistent with these
ﬁndings, miR-217 overexpression or EþL treatment was
associated with increased acetylation of NF-kB and enhanced
NF-kB transcriptional activity (Figure 4A and Supplemental
Figure S3A). Moreover, miR-217 overexpression or EþL
treatment led to nuclear accumulation of NFATc4 and
decreased the abundance of cytoplasmic NFATc4 (Figure 4B
and Supplemental Figure S3B). In particular, miR-217 over-
expression along with EþL exacerbated activation of both
NF-kB and NATc4 (Supplemental Figure S3, A and B).
Consistent with the hypothesis that SIRT1 is a key medi-
ator of these effects, we found that miR-217 overexpression
in macrophages caused hyperacetylation of histone H3-Lys9
and histone H4-Lys5 (data not shown).
Involvement of SIRT1eLipin-1a Axis in Increased
Association of Ac-Histone H3-Lys9 and NFATc4
with TNF-a Promoter in Macrophages Regulated by
miR-217 or EþL
The SIRT1elipin-1a axis is known to be regulated by miR-
217.12 The effect of miR-217 or EþL treatment on the
binding of Ac-histone H3-Lys9 or NFATc4 to a knownajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Ad-mediated elevation of miR-217 in the liver impairs SIRT1 signaling in mice. Ad-miR-217 or Adeanti-miR-217 (0.5 to 1.0  109 active viral
particle in 200 mL of phosphate-buffered saline) were administered to 10- to 12-week-old male C57BL/6J mice twice on day 1 and day 5. After a 10-day period,
mice were sacriﬁced. A: Relative hepatic mRNA levels of SIRT1. B: Liver extracts of mice infected with Ad-GFP, AdemiR-217, or Adeanti-miR-217 were
immunoblotted with a SIRT1 or a b-actin antibody. C: Relative hepatic mRNA levels of total lipin-1, lipin-1a, lipin-1b, and SFRS10. D: Lpin1b/a ratio. Data are
expressed as means  SEM. nZ 4 to 6 mice. Means without a common letter differ, P < 0.05. Ad, adenovirus; GFP, green ﬂuorescent protein; Lpin1, lipin-1;
SFRS10, human transformer-2-beta gene; SIRT1, sirtuin 1.
miR-217 and EthanolNFATc4 target gene, TNF-a, was determined in RAW 264.7
cells. ChIP assays with Ac-histone H3-Lys9 and NFATc4
antibodies were performed on RAW 264.7 cells infected with
Ad-GFP, AdemiR-217, Ad-SIRT1wt, Adelipin-1a in the
presence or absence of EþL, respectively. Immunoprecipi-
tated DNA was then ampliﬁed by quantitative real-time PCR
with primers for the TNF-a promoter region containing
NFATc4 response elements. Although immunoprecipitation
of either Ac-histone H3 or NFATc4 enriched recovery of
genomic DNA from the promoters of TNF-a (but not
GAPDH controls in macrophages), EþL or miR-217
signiﬁcantly increased association of Ac-histone H3-Lys9
or NFATc4 with TNF-a promoter compared with the con-
trols (Figure 4, C and D). As expected, 5 mg/mL cyclo-
sporine, a known NFATc4 inhibitor,21 partially blocked the
increase in association of Ac-histone H3-Lys9 or NFATc4
with TNF-a promoter (Figure 4, C and D).
Co-expression of SIRT1wt or lipin-1a largely abolished
EþL- or miR-217emediated increases in the yield of
Ac-histone H3-Lys9 or NFATc4 found at the promoter of
TNF-a (Figure 4, A and B). As a net result, the synergistically
enhanced serum TNF-a or IL-6 protein levels observed after
miR-217 plus EþL treatment were abrogated by co-expression
of SIRT1wt or lipin-1a (Supplemental Figure S3, C and D).The American Journal of Pathology - ajp.amjpathol.orgTaken together, these ﬁndings suggest a cascade of regula-
tory effects in ethanol-mediated inﬂammation that includes a
central role for the miR-217eSIRT1 axis.
miR-217 Promotes Generation of TGF-b or ROS
Stimulated by EþL in Macrophages
We next explored some potential mechanisms whereby miR-
217 itself may be modulated in ethanol-mediated injury,
particularly because miR-217 is known to be up-regulated by
transforming growth factor (TGF)-b.17,26 Indeed, addition of 10
ng/mL TGF-b to macrophages substantially increased miR-217
expression up to 14-fold compared with controls (Figure 5A).
Moreover, hydrogen peroxide also dose dependently induced
miR-217 expression in macrophages (Figure 5B). In addition,
overexpression of miR-217 in macrophages signiﬁcantly
induced TGF-b mRNA and ROS production; EþL treatment
robustly increased TGF-b or ROS by approximately
threefold (Figure 5, C and D). More importantly, miR-217
overexpression signiﬁcantly augmented the EþL-
mediated increases of TGF-b or ROS in macrophages
(Figure 5, C and D). These ﬁndings suggest that there may
be feed-forward regulation of miR-217 through mecha-
nisms that involve TGF-b and/or ROS.1293
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Figure 8 Proposed working model for the role of miR-217 in ethanol-
induced inﬂammation response in Kupffer cells. The increased expression
of miR-217 by ethanol, LPS, or combination of ethanol and LPS in Kupffer
cells is functionally associated with disrupted SIRT1eAMPKelipin-1a
signaling leading to impairment of NF-KB and NFATc4 signaling pathways
and generation of inﬂammatory cytokines. AMPK, AMP-activated kinase;
LPS, lipopolysaccharide; NFATc4, nuclear factor of activated T cells c4; ROS,
reactive oxygen species; SIRT1, sirtuin 1; TGF, transforming growth factor.
Yin et alAd-Mediated Elevation of miR-217 Causes Steatosis
and Provokes Inﬂammation in the Livers of Mice
To determine more directly a possible in vivo role of hepatic
miR-217, we used AdemiR-217), miR-217 inhibitor (Ade
anti-miR-217), or Ad-GFP controls through intravenous injec-
tion.24 As expected, miR-217 abundance was signiﬁcantly
reduced in the mice injected with Adeanti-miR-217, whereas
miR-217 abundance was increased in the livers of mice injected
with Ad-miR-217 (Supplemental Figure S4A).
Histologic analysis of the liver sections veriﬁed accu-
mulation of lipid droplets in the livers of mice injected with
AdemiR-217 compared with the livers of Ad-GFP control
or controls injected with Adeanti-miR-217 (Figure 6A).
Moreover, mice expressing miR-217 displayed signiﬁcantly
increased levels of hepatic triglyceride and cholesterol and
elevated serum alanine aminotransferase compared with
Ad-GFP or mice injected with Adeanti-miR-217 (Figure 6,
B and C, and Supplemental Figure S4, A and B).
Although no increases in hepatic F4/80þ staining, a marker
for activated macrophages including KCs, were seen in mice
that received Adeanti-miR-217 or Ad-GFP controls, increased
abundance was noted by immunohistochemical staining of
F4/80þ in the livers of mice injected with AdemiR-217,
ﬁndings consistent with the suggestion that miR-217 over-
expression provokes hepatic inﬂammation (Figure 6A).
The utility of the AdemiR-217 vector in exacerbating
liver injury was further veriﬁed by analyzing the mRNA
expression of a panel of proinﬂammation cytokines. The
mRNA abundance of macrophage inﬂammatory protein-
1a, cyclooxygenase 2, interferon-g, MCP-1, TGF-b, and
circulating TNF-a levels were all signiﬁcantly elevated in
mice treated with AdemiR-217 compared with controls
treated with Adeanti-miR-217 or Ad-GFP (Figure 6, D
and E, and Supplemental Figure S4C).
In addition, mRNA expression of hepatic serum amyloid
A1 and lipocalin 2 were elevated nearly 50- and 20-fold,
respectively, in the livers of mice injected with AdemiR-217
compared with Adeanti-miR-217 or Ad-GFP controls
(Supplemental Figure S5, A andB). Collectively, these results
reinforce our conclusions that imply a causal role of miR-217
in the development of liver steatosis and inﬂammation inmice.
We further performed additional experiments to examine the
effect of AdemiR-217 or Adeanti-miR-217 in the setting of
ethanol feeding in mice by using the Gao-binge (Chron-
icþbinge) protocol.22 As expected, although ethanol admin-
istration to mice signiﬁcantly enhanced the serum alanine
aminotransferase levels as well as serum levels of TNF-a,
AdemiR-217 injection exacerbated the ethanol-mediated
effects (Supplemental Figure S4, B and C). Remarkably,
Adeanti-miR-217 injection completely blocked elevation
of serum alanine aminotransferase and largely abolished
the increased serum TNF-a in ethanol-administrated mice,
suggesting that miR-217 indeed plays a crucial role in
inﬂammation and liver hepatitis induced by ethanol in mice
(Supplemental Figure S4). Paradoxically, the liver triglyceride1294or cholesterol levelswere not signiﬁcantly altered byAdemiR-
217 or Adeanti-miR-217 injection in the setting of ethanol
feeding in mice (data not shown).
Ad-Mediated Elevation of miR-217 in Mouse Livers
Perturbs SIRT1eLipin-1 Signaling
Consistent with the ﬁndings that miR-217 disrupts the
SIRT1elipin-1 axis in hepatocytes,12 we found that SIRT1
mRNA and protein expression were both signiﬁcantly reduced
in the livers of mice receiving Ad-miR-217 compared with
Ad-GFP controls (Figure 7, A and B). Conversely, reduction
of miR-217 abundance with Adeanti-miR-217 increased
SIRT1 mRNA and protein expression (Figure 7, A and B).
Overexpression of Ad-miR-217 signiﬁcantly induced total
lipin-1 and lipin-1b mRNA expression, whereas mRNA
abundance of human transformer-2-beta gene and lipin-1a
mRNAwere substantially reduced in mice receiving Ad-miR-
217 (Figure 7C). Consistent with these observations, hepatic
Lpin1b/Lpin1a ratio was increased by nearly sixfold in mice
injected with Ad-miR-217 compared with controls
(Figure 7D). However, no alterations in hepatic lipin-1
signaling were observed in mice that received Adeanti-miR-
217 or Ad-GFP.
Discussion
Our previous work identiﬁed miR-217 as a regulator of
ethanol-mediated excessive lipid accumulation in mouseajp.amjpathol.org - The American Journal of Pathology
miR-217 and Ethanolhepatocytes.12 Here, we extend those observations by
interrogating the role of miR-217 in regulating pathways of
hepatic inﬂammation response after ethanol or LPS expo-
sure. With the use of cultured RAW 264.7 macrophages or
primary KCs, we demonstrate that LPS and ethanol each
signiﬁcantly up-regulated miR-217 abundance. More
importantly, ethanol markedly augmented LPS-mediated
miR-217 induction. We showed that overexpressison of
miR-217 in macrophages promoted production of a panel
of inﬂammatory cytokines stimulated by concurrent
exposure to EþL. We further show that EþL-mediated
increased expression of miR-217 in macrophages is func-
tionally associated with attenuated expression of SIRT1
and disrupted SIRT1 signaling. Finally, Ad-mediated
enrichment of hepatic miR-217 abundance induced he-
patic steatosis and inﬂammation in vivo. Taken together,
our ﬁndings suggest that the up-regulation of hepatic miR-
217 by ethanol and LPS may play a vital role in hepatic
inﬂammation (Figure 8).
Our results demonstrate an intriguing dialogue between
TGF-b and ROS signaling and miR-217 expression in macro-
phages exposed to EþL. We show that TGF-b and hydrogen
peroxide induced miR-217 expression in a dose-dependent
manner in macrophages, whereas miR-217 overexpression in
macrophages signiﬁcantly augmented ROS production and
TGF-b expression with EþL. Because TGF-b is known to
induce ROS generation,27 these observations imply that
increased miR-217 expression in response to EþL exposure is
likely to involve ROS production via both TGF-bedependent
and eindependent mechanisms.
TGF-b is a major ﬁbrogenic cytokine implicated in chronic
liver disease progression in liver injury.28e30 Hepatic TGF-b is
also signiﬁcantly up-regulated in animal or human ALD.31e35
However, the role of TGF-b signaling in the pathogenesis of
the early stage of liver diseases such as alcoholic steatohepatitis
is not fully understood. Consistent with the ﬁndings that TGF-b
up-regulates miR-217 expression,27 here, we show that TGF-b
expression was signiﬁcantly up-regulated in the macrophages
exposed to EþL. In addition, we show that miR-217 not only
stimulates TGF-b expression but also exacerbates EþL-
mediated increases in TGF-b. Accordingly, it is tempting to
speculate that miR-217 may up-regulate TGF-b both directly
and indirectly through a positive feedback mechanism.
Another ﬁnding of the present study is the involvement of
NFATc4 in mediating the proinﬂammatory effects of miR-217
or EþL in macrophages. Similar to NF-kB, NFATc4 plays an
important role in the activation of inﬂammatory cytokines such
as TNF-a and IL-6.21,26 The accumulation of NFATc4 in the
nucleus leads to NFATc4 activation.21,26 We recently found
that, in the liver, SIRT1 and NFATc4 are physically associ-
ated, and SIRT1 inhibits NFATc4 activity (M.Y., unpublished
data).6 These ﬁndings together support the interpretation that
EþL-mediated disruption of miR-217eSIRT1 axis may lead
to activation of NFATc4 via modulation of NFATc4
acetylation/de-acetylation. Our ﬁndings further suggest that
NF-kB and NFATc4 are likely to be coordinately regulated byThe American Journal of Pathology - ajp.amjpathol.orgthe miR-217eSIRT1 axis. These two inﬂammatory regulators
may then cooperate to regulate the expression of downstream
proinﬂammatory cytokines induced by ethanol, LPS, or EþL
in macrophages.
Emerging evidence suggests that lipin-1 plays a vital role
in regulation of inﬂammation.21,35 Lipin-1 directly interacts
with NFATc4 to inhibit NFATc4 transcriptional activity in
adipocytes, which, in turn, inhibits inﬂammation.35 Two
major lipin-1 protein isoforms, lipin-1a and lipin-1b, are
derived from LPIN1 alternative mRNA splicing.6,35 The
present ﬁndings suggest that lipin-1a but not lipin-1b exerts
anti-inﬂammatory actions through NFATc4 inhibition in
macrophages exposed to EþL or stimulated by miR-217. A
more precise delineation of the role of lipin-1a in regulation
of NFATc4 activity and inﬂammatory processes in response
to miR-217, ethanol, and LPS in macrophages is currently
under investigation.
The novelty of our present study lies in providing strong
evidence that the miR-217eSIRT1elipin-1 axis represents a
pivotal signaling route in macrophage-dependent inﬂam-
mation in response to ethanol and LPS. In addition, the
observations that Ad-mediated overexpression of hepatic
miR-217 promotes development and progression of steato-
hepatitis suggest that strategies to inhibit hepatic miR-217
could be a viable approach in attenuating both alcoholic and
nonalcoholic steatohepatitis.
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